ABSTRACT SIRT7, a member of the sirtuin family of NAD C -dependent protein deacetylases, is a key mediator of many cellular activities. SIRT7 expression is linked to cell proliferation and oncogenic activity, connecting SIRT7-dependent regulation of ribosome biogenesis with checkpoints controlling cell cycle progression, metabolic homeostasis, stress resistance, aging and tumorigenesis. Despite this important functional link, the enzymatic activity, the molecular targets and physiological functions of SIRT7 are poorly defined. Here, we review recent progress in SIRT7 research and elaborate the main pathways in which SIRT7 participates.
Introduction
Members of the silent information regulator-2 (Sir2) protein family, termed sirtuins, are NAD C -dependent protein deacetylases or ADP ribosyltransferases, which are highly conserved from prokaryotes to eukaryotes. The seven mammalian sirtuins, SIRT1-7 ( Fig. 1) , share a conserved NAD C -dependent catalytic core domain, localize in different subcellular compartments, target different substrates and govern diverse important biological processes including energy metabolism, stress resistance, maintenance of genomic stability, aging and tumorigenesis (for review, see Refs. [1] [2] [3] . Sirtuins have been implicated in the pathogenesis of several human diseases including cancer, type II diabetes, dyslipidemia and cardiovascular or neurodegenerative disorders. 4 While SIRT6 and SIRT7 are nuclear proteins, SIRT3-5 localize mainly in mitochondria, and SIRT1 and SIRT2 are found both in the nucleus and the cytoplasm. 5 Although SIRT7 has been shown to promote the invasiveness and metastasis of cancer cells, it is the least understood member of the human sirtuin family. This is to a large extent due to its low enzymatic activity in vitro and the few molecular substrates identified so far. We herein review the recent progress in SIRT7 biology, focusing on transcriptional regulation and the main cellular pathways that are affected by SIRT7.
SIRT7 promotes pre-rRNA transcription and processing
Previous studies have shown that SIRT7 levels positively correlate with ribosome biogenesis and cell proliferation, SIRT7 expression being abundant in metabolically active cells and low or even absent in non-proliferating cells. 5, 6 SIRT7 is enriched in nucleoli, where it facilitates RNA polymerase I (Pol I)-dependent transcription of rRNA genes (rDNA) by interacting with the transcription factor UBF and the Pol I subunit PAF53 (polymerase-associated factor 53), the mammalian homolog of the yeast Pol I subunit A49. 7 Hyperacetylation of PAF53 at lysine 373 by CBP decreases rDNA occupancy of Pol I, whereas deacetylation by SIRT7 leads to increased DNA binding and enhanced pre-rRNA synthesis. The interconnected pathways that link ribosome biogenesis and cell cycle progression provide an intracellular network through which SIRT7 may regulate cell proliferation.
In support of this notion, recent work has shown that non-canonical Wnt signaling suppresses the growth of breast cancer cells by counteracting SIRT7 function. 8, 9 Wnt5a was found to trigger nucleolar accumulation of Dishevelled 1 (DVL1), a tumor suppressor that binds to rDNA. Increased levels of DVL1 displace SIRT7 from rDNA, hence repressing Pol I transcription. 9 In accord with pre-rRNA transcription and maturation being functionally coupled, 10, 11 SIRT7 is also required for proper processing of pre-rRNA. A recent screening in human cells identified 286 proteins involved in rRNA maturation, among them SIRT7. 12 Mechanistically, SIRT7 deacetylates U3-55k, a core component of the U3 snoRNP complex. [13] [14] [15] Acetylation of U3-55k by the histone acetyltransferase PCAF impairs the association with U3 snoRNA, a prerequisite for proper processing. Deacetylation by SIRT7, on the other hand, facilitates the interaction of U3-55k with U3 snoRNA, thus promoting pre-rRNA cleavage. Importantly, knockdown of U3-55k protein led to the same defects in pre-rRNA processing as those observed upon knockout of SIRT7, underscoring the intimate link between SIRT7 activity and acetylationdependent U3-55k function. 15 Thus, SIRT7 plays a dual function in ribosome biogenesis, coupling rDNA transcription and pre-rRNA processing by deacetylating PAF53 and U3-55k (Fig. 2) .
SIRT7 regulates transcription of all three nuclear RNA polymerases SIRT7 expression correlates with cell growth, being high in metabolically active cells, and low or even absent in non-proliferating cells. 5, 6, 16, 17 High expression of SIRT7 is propelling cells toward tumorigenesis, whereas depletion of SIRT7 leads to decreased cell proliferation, induction of apoptosis and reduced tumor growth. 18, 19 Given the vital role of SIRT7 in cellular homeostasis, it is not surprising that its function is not restricted to pre-rRNA synthesis and processing. Proteomic approaches have shown that SIRT7 is associated with numerous non-nucleolar target proteins with functions in transcription, Figure 1 . The sirtuin family of NAD C -dependent deacetylases. The seven mammalian sirtuins (SIRT1-7) share a conserved catalytic core domain (HDAC domain) with varying N-and C-terminal sequences. They localize to different cellular compartments, use NAD C as a cofactor and serve functions in multiple cellular processes. Figure 2 . Reversible acetylation of PAF53 and U3-55k regulates pre-rRNA synthesis and processing. In normal growth conditions, SIRT7 keeps the Pol I-associated factor PAF53 hypoacetylated, which is required for rDNA transcription. Deacetylation of the U3-55k protein by SIRT7 facilitates the interaction of U3-55k with U3 snoRNA, thus promoting pre-rRNA cleavage. Nucleolar release of SIRT7 in response to environmental or metabolic stress enhances acetylation of PAF53 and U3-55k, which impairs Pol I transcription and pre-rRNA processing and attenuates ribosome biogenesis.
ribosome biogenesis and translation. 20, 21 Consistent with the multifaceted role of SIRT7 in diverse cellular processes, SIRT7 interacts with chromatin remodeling complexes, such as B-WICH, NoRC and SWI/ SNF, which are required for the establishment of a specific chromatin structure. 20 Furthermore, SIRT7 was found to interact with the Pol III-specific transcription factor TFIIIC2 and to occupy genes that are transcribed by Pol III. In accord with SIRT7 playing a role in Pol III transcription, knockdown of SIRT7 decreased the level of tRNAs in HeLa cells. 22 However, whether this effect on Pol III transcription represents a physiological role for SIRT7 remains to be further validated.
In addition to Pol I and Pol III transcription activation, SIRT7 also exerts a positive effect on Pol II transcription. Unpublished results from our lab have revealed that SIRT7 is associated with Pol II and regulates transcription of snoRNAs and other genes transcribed by Pol II. Mechanistically, SIRT7 promotes the release of P-TEFb from the inactive 7SK snRNP complex and deacetylates CDK9, a subunit of the elongation factor P-TEFb, which activates transcription by phosphorylating serine 2 within the C-terminal domain (CTD) of Pol II. SIRT7-mediated activation of P-TEFb promotes phosphorylation of the CTD and stimulates transcription elongation.
Similar to other sirtuins, SIRT7 depletion did not globally change the acetylation levels of nucleolar and nuclear proteins, indicating that it exhibits a weak or substrate-specific deacetylase activity. 5 SIRT7 has extremely low basal deacetylase activity on histones and no measurable deacetylase activity of SIRT7 has been detected in vitro. Nevertheless, recent work has identified novel targets of SIRT7, including histone H3, transcription factors and enzymes. SIRT7 has been reported to be recruited by specific transcription factors, e.g., ELK4 and Myc, to deacetylate lysine 18 of histone H3 (H3K18), hypoacetylation of H3K18 compromising transcription of specific target genes. 18, 23, 24 Several studies using purified histones or histone peptides have failed to detect a clear enzymatic activity in in vitro deacetylation assays. On chromatin substrates, however, SIRT7 displayed robust NAD Cdependent H3K18 deacetylase activity, indicating that native chromatin rather than histones is targeted by SIRT7. 25 Consistent with SIRT7 mediating many cellular activities, proteins like p53, PAF53, U3-55k, NPM1
and GABPb1 have been identified as substrates of SIRT7. 7, 21, 26, 27 As described above, SIRT7-dependent deacetylation of the nucleolar proteins PAF53 and U3-55k augments pre-rRNA synthesis and processing (Fig. 2) . Moreover, SIRT7 has been shown to deacetylate GABPb1, a key regulator of mitochondrial functions. Hypoacetylation leads to heterotetramer formation with GABPa, which induces transcription of nuclear-encoded mitochondrial genes. 27 SIRT7 has also been reported to regulate the level and the function of the tumor suppressor p53. 26 The role of SIRT7 in deacetylation of p53, however, remains controversial, as deacetylation of p53 by SIRT7 was only shown in vitro. 5, 18, 26, 28 Hence, further studies are needed to decipher the impact of SIRT7 on p53 function.
Interestingly, recent studies suggest that SIRT7 also has NAD C -dependent histone desuccinylase activity, which catalyzes local desuccinylation of H3K122 in response to genomic insults that induce double-strand DNA breaks. 29 Both desuccinylation of H3K122 and deacetylation of H3K18 result in chromatin compaction and lead to transcription inhibition.
SIRT7 maintains metabolic homeostasis
With NAD C serving as a cofactor for SIRT7 activity, there is a direct link between SIRT7 function and the metabolic state of the cell. Therefore, it is not surprising that several studies have uncovered a role of SIRT7 in regulation of metabolic homeostasis. SIRT7 has been shown to suppress endoplasmatic reticulum (ER) stress and prevent the development of fatty liver disease. Mechanistically, SIRT7 is recruited to the promoters of ribosomal protein genes by interaction with the transcription factor Myc to repress ribosomal protein expression and alleviate the ER stress. 24 While SIRT7 knockout mice develop hepatic steatosis resembling human fatty liver disease, overexpression of SIRT7 reverted the fatty liver phenotype in obese mice. This study underscores the role of SIRT7 in metabolic regulation and suggests that SIRT7 can be targeted to restore metabolic homeostasis. However, as other studies failed to reach a consensus about the pathways through which SIRT7 exerts its effect on lipid metabolism, 27, 30 further studies are required to decipher the role of SIRT7 in hepatic homeostasis.
The impact of SIRT7 on cellular energy metabolism is further substantiated by recent work showing that SIRT7 maintains energy homeostasis by deacetylating GABPb1, a central regulator of mitochondrial function. 27 As deacetylation is required for GABPb1 activity, SIRT7
¡/¡ mice displayed pathologies, which resemble phenotypes of mitochondrial diseases. 31 In accord with widespread functions of SIRT7 in response to metabolic demands, energy starvation induces ubiquitin-independent degradation of SIRT7, which leads to attenuation of ribosome biogenesis and maintenance of cellular energy homeostasis. 32 Furthermore, SIRT7 negatively regulates the levels and activity of the transcription factors HIF1a and HIF2a, which are central players in energy metabolism and the cellular response to varying oxygen levels. 33 Together, these studies demonstrate that SIRT7 has widespread functional implications in the metabolic state of the cell.
SIRT7 attenuates cellular stress
One of the most intriguing roles of the nucleolus, long regarded as a mere ribosome-producing factory, is its participation in monitoring cellular stress signals and transmitting them to the RNA polymerase I (Pol I) transcription machinery. Nucleolar proteins are highly dynamic, showing dramatic changes after exposure to stress stimuli, e.g., hypoxia, ER-stress due to unfolded protein response as well as transcriptional, nutritional or genotoxic stress conditions. [34] [35] [36] [37] Under normal conditions, SIRT7 is associated with elongating Pol I, contacting both PAF53 and nascent pre-rRNA. Downregulation of Pol I transcription upon exposure to osmotic or transcriptional stress is accompanied by release of SIRT7 from nucleoli, which leads to hyperacetylation of PAF53. As a consequence, binding of Pol I to DNA is reduced and the assembly of transcription complexes is precluded. 7 These findings connect the spatial distribution of SIRT7 with the acetylation status of PAF53, highlighting a mechanism that links external cues to acetylation of an essential component of the Pol I transcription apparatus.
Given that the activity of Pol I transcription and pre-rRNA processing are intertwined, it is not surprising that stress-dependent release of SIRT7 from the nucleolus leads to defects in rRNA maturation. Upon stress, the U3-55k protein, which is required for all subsequent processing events, remains acetylated and specific processing intermediates accumulate. 15 Thus, nucleolar release of SIRT7 in response to environmental or metabolic cues enhances acetylation of PAF53 and U3-55k, which in turn inhibits Pol I transcription and pre-rRNA processing (Fig. 2) .
As SIRT7 function is not restricted to Pol I transcription, it might also target specific Pol II and Pol III genes to promote cellular survival and stress resistance. The predicted role of SIRT7 as a pro-survival adaptor molecule in conditions of cellular stress is supported by recent studies showing that SIRT7 can regulate molecules like HIF1a and HIF2a. Knockdown of SIRT7 increased expression levels of HIF proteins upon hypoxic conditions. 33 Interestingly, this upregulation of HIF proteins was independent of the catalytic activity of SIRT7, indicating that SIRT7 can regulate downstream effectors by non-enzymatic mechanisms. In support of this notion, SIRT7 was shown to mediate gene silencing by interaction with the positive transcription factor c-Myc. Upon ER stress, SIRT7 associates with c-Myc and throttles transcription of ER stress response genes. 17, 24 Thus, a growing body of evidence supports that SIRT7 is a critical modulator of the stress response, which adapts cells to environmental challenges and promotes survival in times of adversity.
SIRT7 promotes tumorigenesis
Several studies have unanimously ascribed SIRT7 an oncogenic potential. In epithelial prostate carcinomas and gastric cancer, high SIRT7 levels are associated with aggressive cancer phenotypes, metastatic disease and poor patient prognosis. 19, 38 Other cancer entities have also been linked to increased levels of SIRT7 including hepatic, ovarian, breast or lung cancer, ascribing SIRT7 an oncogenic function. 28, [39] [40] [41] However, SIRT7 by itself did not cause oncogenic transformation of primary fibroblasts.
18 Therefore, the tumorpromoting properties of SIRT7 may be a secondary effect, which may be brought about by its positive effect on ribosome biogenesis. In support of this view, depletion of SIRT7 or overexpression of a catalytically inactive point mutant led to inhibition of cell proliferation, induction of apoptosis, reduction of tumor growth, suppression of metastases and reversion of the transformed state of tumor cells. 19, 28 This effect on cell proliferation may be due to decreased expression levels of p21 and increased levels of cyclin D1, which lead to impaired G1/S progression. 28 Furthermore, SIRT7 may exert its oncogenic properties by deacetylation of H3K18, which attenuates transcription of target genes linked to tumor suppression 18 and by upregulation of rRNA synthesis to meet the increased demand for ribosomes in rapidly growing tumor cells. 6, 7 Regarding the mechanisms underlying the oncogenic potential of SIRT7, analysis of a large cohort of HCC patients revealed that two microRNAs, miR125a-5p and miR-125b, are transcriptionally repressed in HCC, whereas SIRT7 expression is upregulated. Ectopic expression of miR-125a-5p and miR-125b in liver cancer cells reduced SIRT7 levels and inhibited cell growth. 28 Moreover, SIRT7 was shown to promote gastric cancer growth by repressing microRNA miR34a expression through deacetylation of H3K18 in the promoter region. 38 These studies suggest that microRNAs that target SIRT7 may function as tumor suppressors by controlling aberrant expression of SIRT7.
SIRT7 promotes genome stability
Sirtuins are key players in mechanisms that maintain genomic integrity. Consistent with SIRT7 playing an important role in DNA repair, SIRT7 knockout mice displayed signs of replicative stress and an impaired DNA damage response. 42 Moreover, recent studies have revealed that SIRT7 also exhibits NAD C -dependent histone desuccinylase activity, which catalyzes local desuccinylation of H3K122 and is implemented in DNA-damage response and cell survival. 29 Mechanistically, SIRT7 is recruited to DNA double-strand breaks in a PARP1-dependent manner, where it catalyzes desuccinylation of H3K122 and promotes chromatin condensation and DSB repair. Reciprocally, depletion of SIRT7 sensitizes cells to genotoxic stresses and impairs chromatin compaction during DNAdamage response. 29, 42, 43 Furthermore, PARP1-mediated recruitment of SIRT7 to DNA damage sites modulates the local H3K18Ac levels. H3K18Ac in turn affects recruitment of the damage response factor 53BP1 to DNA DSBs, thereby influencing the efficiency of non-homologous end joining. 42 These results reveal a direct role for SIRT7 in DSB repair and establish a functional link between SIRT7-mediated H3K18 deacetylation, H3K122 desuccinylation and the maintenance of genome integrity.
A link between SIRT7 and premature senescence
Various studies have linked sirtuin functions to cellular senescence and lifespan-extension. Although most of these functions have been primarily attributed to SIRT1, recent work has established an emerging role of SIRT7 in age-related processes. SIRT7-knockout mice had shorter lifespan and were suffering from increased embryonic lethality and age-dependent inflammatory cardiomyopathy. 26 In addition, SIRT7 deficiency correlates with premature aging, showing symptoms of kyphosis, decreased gonadal fat pad content and reduced IGF-1 plasma levels. 42 SIRT7 expression is reduced in aged human stem cells (HSCs), which are characterized by increased apoptosis, loss of quiescence and decreased reconstitution capacity, features resembling those observed in SIRT7 knockout mice. Reintroduction of SIRT7 in aged HSCs improved their regenerative capacity, underscoring the link between SIRT7 and aging. 44 In accord with SIRT7 sensing and responding to external stress signals, overexpression of SIRT7 delayed stress-induced premature senescence in cells treated with doxorubicin, a chemotherapeutic drug that induces senescence or apoptosis in a dose-dependent manner. After treatment with low dose of doxorubicin, the levels of the senescence marker p53 and its downstream target p21 were reduced indicating that overexpression of SIRT7 delayed the onset of premature senescence. 17 As cellular senescence and genome stability are tightly linked, the number of gH2AX foci, early markers of DNA damage, was decreased upon overexpression of SIRT7. 17 This suggests that increased DNA damage may be responsible for premature senescence in SIRT7-deficient cells. Furthermore, the nucleolar protein nucleophosmin (NPM1) was shown to be deacetylated by SIRT7, hyperacetylation of NPM1 in senescent cells correlating with decreased levels of SIRT7. 21 However, the acetylation status of NPM1 has not yet been functionally linked to agerelated processes, and therefore it needs to be seen which processes are affected by NPM1 acetylation. Although most studies just show a correlation between SIRT7 levels and aging, they demonstrate the close link between SIRT7 and cellular senescence.
Concluding remarks
SIRT7 has emerged as a critical regulator of cellular homeostasis, influencing multiple biological processes, such as transcription, ribosome biogenesis, chromatin structure and cell proliferation. Since the first functional studies showing that SIRT7 activates ribosome biogenesis and promotes cell proliferation, 6 the field of SIRT7 research has steadily expanded (Fig. 3) . Global proteomic studies have identified several SIRT7 target proteins, and functional studies using SIRT7 knockout mice have characterized cellular processes that are regulated by SIRT7. These studies revealed that SIRT7 is implicated in regulation of nucle(ol)ar RNA polymerases by various mechanisms, most of them depending on the catalytic activity of SIRT7. SIRT7 regulates gene expression by either directly affecting transcription and/or processing at specific target genes, or by deacetylating H3K18, which represses transcription and stabilizes the cancerous phenotype by epigenetic reprogramming. Consistent with its central role in the promotion of cell proliferation and tumorigenesis, SIRT7 was found to be upregulated in all cancer types studied so far. Depletion of SIRT7, on the other hand, has been associated with increased DNA damage, apoptosis and various diseases. As SIRT7 also serves a vital role in attenuating stress conditions, it emerges as a pro-survival molecule that mediates the cellular stress response. Although more studies are required to decipher the mechanisms underlying the physiological and disease-related functions of SIRT7, the implication of SIRT7 in several human pathologies make it a promising target for novel therapeutic approaches for a variety of diseases.
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